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Single-well and group-well pumping tests were undertaken in a deep gravel formation of the Taipei basin to determine the hydraulic
parameters and better understand the drawdown characteristics across the basin. The periodic drawdown ﬂuctuation due to tidal loading from the
overlying river resulted in a difﬁculty in determining the hydraulic parameters by those conventionally used graphic techniques. In addition, many
other site-speciﬁc inﬂuencing factors, such as the partial penetration effect and the large diameter of the wells, had to be considered. In this paper,
a simple data reduction method was presented to resolve the above-mentioned complications. It was demonstrated that the drawdown data
induced by group-well pumping were well predicted using the shifted drawdown curve deduced by the proposed method.
& 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Groundwater level in a deep conﬁned aquifer can be affected
by periodic loading (Pagano et al., 2010; Rahardjo et al., 2011)
due to the overlying river water level affected by the astronom-
ical tides or leakage from top or bottom strata. The correspond-
ing periodic ﬂuctuation in a drawdown curve, as depicted by
curve B in Fig. 1, leads to difﬁculty in determining the hydraulic3 The Japanese Geotechnical Society. Production and hosting by
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der responsibility of The Japanese Geotechnical Society.parameters by those conventionally used graphic techniques that
require information on the slope and horizontal intercept of an
extension of the late-time drawdown asymptote resulting from a
typical drawdown curve, as illustrated by line A in Fig. 1. In
spite of the many methods that have been developed for
determining the hydraulic parameters of the aquifer directly
connected to the sea (e.g., Ferris, 1951; Carr and Van der Kamp,
1969; Erskine, 1991; Trefry and Johnston, 1998; Chapuis et al.,
2006), not one can be applied to the above-mentioned problem.
The use of sinusoidal functions to remove the tidal constituents
from well pumping test data (Liu et al., 1994; Liu, 1996) is also
not appropriate since complex groundwater level ﬂuctuations
occur not only due to tidal inﬂuence, but also as a result of
atmospheric pressure, precipitation, inﬁltration, groundwater
withdrawal and local topography, etc. Beyond these problems,
many other site-speciﬁc inﬂuencing factors, such as the partial
penetration effect and the large diameter of the wells, also have
to be taken into account. It can be seen in Fig. 1 that the
horizontal intercept of an extension of the late-time drawdownElsevier B.V. All rights reserved.
Fig. 1. Schematic illustration of a semi-logarithm drawdown-time relation
subjected to tidal inﬂuence and large-diameter well effect or partial penetration
effect.
Fig. 2. Location of the Taipei Bridge construction site and remote site
J.C. Ni et al. / Soils and Foundations 53 (2013) 894–902 895asymptote from line C, resulting from the partial penetration
well, differs considerably from that of line A, induced by the
full penetration well, by several orders of magnitude. This
implies that the storage coefﬁcient, S, deduced from line C
would result in a large error. Despite a large error in the S value,
line C has a similar slope to line A, which means the coefﬁcient
of transmissivity, T, derived from the drawdown curve resulting
from the partial penetration well should be close to the real
value. On the other hand, although the large-diameter well effect
(Papadopulos and Cooper, 1967; Kruseman and de Ridder,
1990; Chapuis and Chenaf, 2003), depending on all well pipe
capacities (Chapuis and Chenaf, 2003), only has an early-time
inﬂuence on drawdown of observation wells, as shown by
curve D, neglecting it could lead to overestimate of storage
coefﬁcient (Black and Kipp, 1977; Mucha and Paulikova, 1986;
Narasimhan and Zhu, 1993). Therefore, a simple data reduction
method is developed in this paper to determine the hydraulics and geological proﬁles in the Taipei basin (after Cheng (2010)).
J.C. Ni et al. / Soils and Foundations 53 (2013) 894–902896parameters from the pumping test results, taking into account
the above-mentioned complications. The correctness of the
proposed method is veriﬁed by a case history where single-
well and group-well pumping tests were carried out in a deep
gravel formation of the Taipei basin.
2. Site characterization
2.1. Geologic condition, design, and construction
The Taipei Bridge construction site is part of the Xinzhuang
line of the Taipei Rapid Transit System (TRTS), about 350 m
from the Tamshui river which directly runs into the Taiwan
Strait (Fig. 2). As the excavation reached to the depth of
35.1 m, the 1.8-m thick, 62-m deep diaphragm walls, about
4 m penetrating into the Chingmei formation (Huang et al.,
1987; Woo and Moh, 1990; Teng et al., 1999; Cheng, 2010),
were constructed as earth-retaining structure, and the 58-m
deep cross walls and buttresses were applied to limit the lateral
movement of diaphragm walls. In addition, 26 95-m deep
pumping wells built in diaphragm walls along with a 5-m thick
jet grout slab were installed to achieve base stability against
heaving pressures during pit excavation. Fig. 3 shows the
layout of the site works at Taipei Bridge, while Fig. 4 shows
the depth of the pumping wells, together with the typical soil
proﬁles. Since the actual base of the Chingmei formation at the
construction site was not known, these wells were considered
as partial penetration wells. The results from the particle size
distribution (PSD) data indicate that the material in the
Chingmei formation comprised predominantly 45–80% of
gravel with some sand and occasional interbedded clay seams
(Cheng, 2010). As the piezometric pressure in Sungshan I and
the two underlying gravel formations do not connect directly
with barometric pressure due to the presence of the silty clay
soil in Sungshan II, they can thus be considered as conﬁned
aquifer, with piezometric level about 7 m below the ground
surface (Cheng, 2010).Fig. 3. Plan view of the Taipei Bridge construction2.2. Design of pumping wells and pumping test program
All wells used in this pumping test program were con-
structed with the same size (20 cm rising pipe diameter and
45 cm well casing diameter) and features. The readers should
refer to Cheng (2010) for further details. As suggested by
Driscoll (1986), 4–9 mm diameter gravel was selected to ﬁll
these wells. The well development to restore hydraulic
characteristics of the damaged zone before being put into
production and to densify the surrounding gravel pack was
conducted using hydraulic vibrations after the completion of
well installation.
Initially, step-drawdown test was undertaken in PW-20 to
test its capacity as approximately 6 m3/min. A constant rate
pumping test was then undertaken in the same well at a
pumping rate of 6 m3/min for about 3 consecutive days, during
which time PW-15, PW-18, and PW-21 were considered as
observation wells for monitoring the change of groundwater
level in the Chingmei formation. After completion of the
single-well pumping test, a pumping test involving 26 wells
was undertaken not only to verify the parameters from the
single-well pumping test but also to provide the crucial
information on the characteristics of group-well pumping
drawdown across the Taipei basin.
3. Proposed method for determining hydraulic parameters
3.1. Periodic ﬂuctuation
Fig. 5 shows the drawdown-time history in semi-logarithm
scale from the single-well pumping test in PW-20, in which the
drawdown was affected by the tidal regime. It was found that
the groundwater level in the Chingmei formation has a
frequency of about 2 1/day close to the river water level
(Fig. 6). Also, there is a time lag between the high tide and the
peak of the groundwater level. However, the methods by, for
example, Ferris (1951), Carr and Van der Kamp (1969),site and layout of pumping wells and boreholes.
Fig. 4. Soil proﬁle (a) X–X and (b) Y–Y and proﬁles of pumping wells.
J.C. Ni et al. / Soils and Foundations 53 (2013) 894–902 897
Fig. 5. Semi-logarithm drawdown-time relation (PW-20).
Fig. 6. Periodic ﬂuctuation of the groundwater level in the Chingmei (gravel)
formation without pumping activity and the corresponding Tamshui river
water level.
J.C. Ni et al. / Soils and Foundations 53 (2013) 894–902898Erskine (1991), Trefry and Johnston (1998), and Chapuis et al.
(2006) are difﬁcult to apply in this case because the ground-
water level ﬂuctuation is caused by the periodic loading of the
overlying river water induced by the tidal inﬂuence.
As the astronomical tides and barometric load are
frequency-dependent responses (Quilty and Roeloffs, 1991),
the time series groundwater level data are often transferred to a
frequency domain for easy reduction. Since the Fourier trans-
form can only handle a linear and stationary dataset, we
propose the use of the Hilbert–Huang Transform (HHT)
(Huang et al., 1998) to resolve this problem. The HHT has
been applied to various engineering disciplines including
oceanography, atmospheric science, structural health monitor-
ing, and earthquake engineering (Hwang et al., 2003; Yang
et al., 2004; Chen et al., 2010; Barnhart and Eichinger, 2011).
Herein, the two-day period groundwater level data without
pumping activity (shown by gray line in Fig. 6) were ﬁrst
decomposed into intrinsic mode functions (IMFs) by the
empirical mode decomposition (EMD). The IMFs derived
(Fig. 7) were then transformed using the Hilbert transform to
obtain their instantaneous frequencies as a function of time.
The computations were performed in a MATLAB environment
(Wu, 2008). Table 1 shows the median instantaneous frequen-
cies of the IMFs derived. It can be seen from Fig. 7 that the
IMF1, IMF2, and IMF3 featured with very high frequency and
small amplitude were engaged to relate with noise component.
Moreover, for IMF4, most data had large amplitudes at a low
frequency range and were similar to IMF5. These large peaks
in IMF4 were considered as the energy leakage from IMF5 due
to the high similarity between their amplitudes and frequen-
cies. In spite that their median instantaneous frequencies weremuch lower than IMF13 (Table 1), they also carried primarily
the noise on account of the quite comparable large amplitude
distribution between the IMF3 and IMF4. The IMF6 and IMF7
with periods of 11.79 and 18.87 h, respectively, were found to
correlate with the astronomical tides M2 (lunar semi-diurnal
constituent) and K1 (lunar diurnal constituent) whose periods
are equal to 12.42 and 23.93 h, respectively. This revealed that
the groundwater near the Tamshui river ﬂuctuates with the
same periods as the astronomical tides M2 and K1. Their slight
differences may result from these complexities, e.g., atmo-
spheric pressure, topography, precipitation, etc., to cause some
memory effects affecting the hydraulic heads within the
Chingmei formation. Despite a smaller daily cycle underlying
the major half-daily cycle, its inﬂuence on the groundwater
level ﬂuctuation was minimal (less than 4 cm) as compared
with that induced by the main contributor, the astronomical
tide M2, and thus neglected in the analysis. The residue is
shown in the end of Fig. 7 and represents a short-term decrease
in the groundwater level of Chingmei formation.
It can be seen from Fig. 5 that the straight-line portion
started around 5 min after the onset of pumping. Then the
groundwater raised to a daily peak amplitude after 339 min (i.
e., 344 min from the onset of pumping). Moving forward an
additional 176 ((11.79 h) 60 0.25) and 528 ((11.79 h)
60 0.75) min, respectively, from the daily peak in time axis,
the groundwater would be on the same amplitude or elevation
during the ﬂuctuation. Thus, the drawdowns at 520 and
872 min would be consisted in the straight-line portion in the
Cooper–Jacob semi-log plot.
3.2. Partial penetration and large-diameter well effects
As seen in Fig. 1, point b, the onset of straight line,
represents the steady-state condition of drawdown affected
by the partial penetration effect. In the pumping test of PW-20
(Fig. 5), point b occurred at 5 min after the beginning of
pumping. Since every observation well requires a ﬁnite time to
respond to a change in the aquifer piezometric level as caused
by groundwater withdrawal, which indicates a delay in the
pressure response in the observation well, referred to as
wellbore storage of an observation well. However, for a
pumping test in a conﬁned aquifer the drawdown in an
observation well is subject to its own wellbore storage and
the effect of wellbore storage of the nearby pumping well.
In this study, the rate at which water is withdrawn from the
aquifer and the pump discharge were utilized to take into
account the wellbore storage in the observation well and the
pumping well, respectively. It can be seen from Fig. 8 that as
the pump discharge remained constant, i.e., 6 m3/min, during
the pumping test for PW-20 the rate dramatically increased
initially and then showed little change after 8 min of pumping,
indicating that the piezometric level inside and outside well-
bore had equalized. The rising pipe and well casing diameter
for PW-20 were 200 and 450 mm, respectively. Then by
Schafer (1978) equation, the critical time tc (Papadopulos and
Cooper, 1967; Schafer, 1978), as indicated by point a in Fig. 1,
at which the wellbore storage effect disappears or approaches
Fig. 7. Intrinsic mode functions (IMFs) of the groundwater level in Chingmei (gravel) formation.
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This implies that as the partial penetration effect reached a
steady-state condition while the large-diameter well and/or
water storage effect still had some inﬂuence on drawdown.
Thus, after 8 min of pumping, the water storage effect should
have disappeared. The drawdowns at 8, 520, and 872 min,
with the same amplitude or elevation during the ﬂuctuation,
should be on the Cooper–Jacob straight-line portion and were
then adopted for the derivation of hydraulic parameters.Assuming leakage is not a serious problem and the aquifer is
homogeneous but has slight anisotropy on the vertical plane,
the vertical distance between lines C and A, as indicated by
Δs1 in Fig. 1, represents the steady-state drawdown induced
by the partial penetration effect. According to Hantush (1961a,
1961b), as the observation well stays at least 1.5 times the
aquifer thickness away from the pumping well, the partial
penetration effect has no effect on the drawdown curve, which
means Δs1 is equal to zero. The loggings from boreholes BR-6
J.C. Ni et al. / Soils and Foundations 53 (2013) 894–902900and BR-7 (Fig. 3) indicated that the Sungshan I (silty sand)
and Chingmei formation (gravel) are likely to reach to a depth
of 105–112.6 m. The aquifer at the construction site would
thus be 52–59.6 m thick (Fig. 4). Assuming an average aquifer
thickness of 56 m, the Δs1 value can thus be calculated using
Hantush (1961a,1961b). As shown in Fig. 1, introducing Δs1
to shift the late-time drawdown asymptote of the partial
penetration well from line C to line A in a parallel manner,
the error in the S value from the adjusted curve is signiﬁcantly
reduced.Table 1
Median instantaneous frequencies and descriptions of the IMFs derived.
IMFs Median period (hr) Signal related
1 0.24 Noise
2 0.49 Noise
3 1.06 Noise
4 3.37 Weak noise
5 5.88 Weak noise
6 11.79 Half-daily tide (astronomical tide M2)
7 18.87 Daily tide (astronomical tide K1)
Fig. 8. Pump discharge-time relation, illustrating the wellbore storage effect on
the observation well.
Table 2
Hydraulic parameters derived from the results of the single-well pumping test in PW
and large diameter.
Pumping well Parameter PW-21 (r¼17.14 m)
PW-20 T (m2/min) 8.00
TThiem (m
2/min) 1.57
TK–C (m
2/min) 0.32–0.42
S 8.4 107
S' 1.1 104
Δs1 (m) 0.29
S and S' represent the storage coefﬁcient derived from the single-well pumping test i
respectively.
TK–C represents the coefﬁcient of transmissivity derived from the Kozeny–Carman4. Method validation and discussion
The hydraulic parameters (Table 2) obtained through the
shifted drawdown curve deduced from the proposed method
were used to predict the drawdown induced by group-well
pumping with the appropriate well hydraulics solutions. Since
the actual drawdown induced by a single-well pumping test at
some distance is the sum of sþΔs1 where s is calculated using
Theis (1935) with the estimated hydraulic parameters, T¼8.03
m2/min and S¼0.0016, and Δs1 due to the partial penetration
effect is calculated using Hantush (1961a,1961b). Thus, the
drawdown induced by group-well pumping can be predicted
by superimposing the drawdown resulted from each single-
well pumping. Fig. 9 shows a comparison of the drawdowns
measured from electronic piezometers and those predicted
using the proposed method. The predicted drawdowns gen-
erally agreed with the measured results, thereby validating the
proposed method.
Since limited observations relate to the drawdown response
to pumping running on peak groundwater amplitude (on-peak
pumping) or somewhere else (off-peak pumping) as the
groundwater level ﬂuctuation is responsible for dynamic
loading of the overlying river water resulting from the tidal
inﬂuence. For this reason, a hypothetic sinusoidal function
which takes into account the phase shift was added to Cooper–
Jacob's equation with parameters T of 5 m2/min, S of 0.001, Q
of 6 m3/min, and r of 8 m.
a sin ð2ωtþφÞþb cos ðωtþφÞ ð1Þ
where a and b are 0.6 and 0.1 m, respectively, φ is the phase
angle, and the period of the functions is 12 h.
Fig. 10 shows the simulated drawdown responses. It is
obvious that the drawdown curve due to on-peak pumping
which means pumping running on point a or point e, as shown
by an inserted graph in Fig. 10, may have a longer straight-line
portion in the Cooper–Jacob semi-log plot to be used for the
derivation of the T value after the partial penetration effect or
the water storage effect has reached a steady-state condition or
approaches zero. However, the straight-line portion induced by
the drawdown curve resulting from off-peak pumping; that is,
pumping running on any other points at which much greater
rate of change in groundwater level than points a and e has-20, taking into account the effects of periodic ﬂuctuation, partial penetration,
PW-18 (r¼38.30 m) PW-15 (r¼81.37 m) Avg.
7.80 8.30 8.03
1.51 1.69 1.59
0.37
1.0 103 1.3 103 7.7 104
3.3 103 1.5 103 1.6 103
0.07 0.01
n PW-20 using the Cooper and Jacob (1946) method and the proposed method,
equation.
Fig. 9. Comparison of the drawdowns measured from electronic piezometers
and those predicted using the appropriate well hydraulics solutions with the
estimated parameters derived from the shifted drawdown curve.
Fig. 10. Comparison of the drawdown curves in pumping tests with tidal
inﬂuence, taking into account the phase shift.
J.C. Ni et al. / Soils and Foundations 53 (2013) 894–902 901been experienced, is either too short or not visible (affected by
non-linear phenomena at both ends) to lead to a risk of
applying Cooper–Jacob curve to drawdown data. On the other
hand, it can be seen from Fig. 10 that as the pumping well fully
penetrates the aquifer or the observation well stays far enough
from the pumping well that partially penetrates the aquifer, the
straight-line portion of Cooper–Jacob due to either on-peak
pumping or off-peak pumping should move to average
groundwater amplitude between the upper and lower bounds
or an appropriate position and then extend across the hor-
izontal time axis to prevent the misinterpretation of the S value.5. Summary and conclusion
To counter balance heaving pressures beneath the excavation
base, 26 95-m deep pumping wells built in 62-m deep
diaphragm walls along with 5-m thick jet grout slab were
installed before the bulk excavation of the Taipei Bridge
construction site. Since the actual base of the gravel formation
at the construction site was not known, the wells were assumed
to be partial penetration wells. In addition, many other site-
speciﬁc inﬂuencing factors, such as the periodic ﬂuctuation and
the large diameter of the wells, had to be considered. Hence, a
simple data reduction method was developed to determine the
hydraulic parameters from the pumping test results, taking into
account the above-mentioned complications.
Introducing other functions would provide different decom-
positions, but very similar total solutions, as the periodic
components can be well perceived using the time–frequency
analysis. The decompositions, based on the HHT method,
indicated that the groundwater appears to ﬂuctuate with the
same period as the astral tides K1 and M2. Even though that the
drawdown tended towards a steady-state condition which
seemed to be reached between 8 and 30 min, applying the
Cooper–Jacob curve to the drawdown data is debatable as
the straight-line section is either too short or invisible. Then by
the proposed method, the drawdowns at 8, 520, and 872 min,
with the same amplitude or elevation during the ﬂuctuation,
should be consisted in the straight-line portion in the Cooper–
Jacob semi-log plot and were thus adopted for the derivation of
hydraulic parameters.
Although the water storage effect only has an early-time
inﬂuence on drawdown, neglecting it will result in a large error
in the storage coefﬁcient. The testing indicated that as the
partial penetration effect reached a steady-state condition after
5 min of pumping while the water storage effect still had some
inﬂuence on drawdown.
The drawdowns induced by group-well pumping were well
predicted using the appropriate well hydraulics solutions with
the estimated parameters, T¼8.03 m2/min and S¼0.0016,
resulting from the shifted drawdown curve deduced by the
proposed method. In addition, it was found that due to off-peak
pumping the straight-line portion from the drawdown curve
where there is a partial penetration effect or water storage
effect may be too short to be used for the derivation of
hydraulic parameters. If the pumping well fully penetrates the
aquifer, the straight-line portion of the drawdown curve
derived either from on-peak pumping or off-peak pumping
should move to average groundwater amplitude (or an appro-
priate position) in a parallel manner to avoid the misinterpreta-
tion of the hydraulic parameters.References
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